We have analyzed the theoretical model envelopes of eight Kepler F-stars by computing the phase shift of the acoustic waves, α(ω), and its related function, β(ω). The latter is shown to be a powerful probe of the external stellar layers since it is particularly sensitive to the partial ionization zones located in these upper layers. We found that these theoretical envelopes can be organized into two groups, each of which is characterized by a distinct β(ω) shape that we show to reflect the differences related to the magnitudes of ionization processes. Since β(ω) can also be determined from the experimental frequencies, we compared our theoretical results with the observable β(ω). Using the function β(ω), and with the purpose of quantifying the magnitude of the ionization processes occurring in the outer layers of these stars, we define two indexes, ∆β 1 and ∆β 2 . These indexes allow us to connect the microphysics of the interior of the star with macroscopic observable characteristics. Motivated by the distinct magnetic activity behaviors of F-stars, we studied the relation between the star's rotation period and these indexes. We found a trend, in the form of a power-law dependence, that favors the idea that ionization is acting as an underlying mechanism, which is crucial for understanding the relation between rotation and magnetism and even observational features such as the Kraft break.
INTRODUCTION
Recent advances in asteroseismology have been exceptional primarily due to space-based missions. With its high quality data sets, the Kepler mission has revolutionized the studies in this field (Gilliland et al. 2010; Chaplin et al. 2011) . In addition to the exceptional quality of the data, the quantity of data, now available in unprecedented numbers, is leading to new breakthroughs in stellar structure, stellar dynamics, and stellar evolution. The launch of the TESS mission (Ricker et al. 2015) scheduled to take place within the next year, and also, in the not so far future, the launch of the PLATO mission (Rauer et al. 2014) , should improve even further the quality and quantity of seismological data. These missions will provide oscillation frequencies for a large number of targets in many directions of the galaxy. Ensemble asteroseismology, the asteroseismology inside clusters of stars, allows for the probing scaling laws, for studying stellar activity, and even for testing theories of stellar evolution Chaplin & Miglio 2013) .
However, uncertainties in stellar physics exist, and they have an adverse impact on these very same theories. These uncertainties are exacerbated if we aim to give a physical description of the outermost layers of solar-type stars. Outer layers are poorly described by current stellar models. In these layers we have an intricate web of different processes occurring and interacting in the same region and on the same time scale: convection, magnetic fields, and pulsations. Beneath the stellar surface (a few percent of the star's radius) this interaction becomes even more complicated due to the partial ionization processes of chemical elements. All this activity contributes to a complex background structure that affects the frequencies of stellar oscillations in several ways. Furthermore, solar-like oscillations are excited and damped by the near-surface convection.
It is therefore extremely important to probe the physical processes that are taking place in these more external layers of stars. These processes can be inferred by an appropriate seismic diagnostic like the α(ω) -acoustic phase shift.
This quantity measures the phase shift experienced by acoustic waves in the surface layers of stars. Although it is known to be a reliable observable for obtaining information about the physics of the external regions of the Sun (Brodskii & Vorontsov 1989; Lopes et al. 1997; Lopes & Gough 2001; Roxburgh & Vorontsov 2001 ), here we apply the technique to other stars. In this paper we analyze and discuss the signature of this phase and its dependence on frequency, α(ω), for a group of eight Kepler solar-type stars. We also use, as a seismic probe of the external stellar layers, the derivative of α(ω). This is the seismic parameter β(ω), which can be computed from the frequencies of low-degree modes (Brodskii & Vorontsov 1987; Vorontsov & Zharkov 1989; Lopes et al. 1997; Lopes & Gough 2001) . In the past this diagnostic method has yielded important results for the Sun. Namely, it enabled the measurement of the solar helium abundance by Vorontsov et al. (1991) , and also contributed to the calibration of the equation of state Vorontsov et al. 1992) . It is a powerful diagnostic tool, particularly suited to studying the external layers of solar-like stars.
For the eight selected stars, we have computed the theoretical dependence of the phase shift on the frequency, α(ω). We also calculated the seismic observable β(ω) and compared it with the theoretical seismic parameter, β(ω). The theoretical β(ω) was obtained via two different processes: from the structural parameters of the envelopes of stellar models, and also from theoretical tables of frequencies. We found an overall good agreement between the theoretical β(ω) and the observational β(ω) for all the stars, particularly if we consider a frequency interval in the vicinity of the observed value of the frequency of maximum power. However, the theoretical seismic signatures reveal several distinct oscillatory behaviors that we know are related to the partial ionization processes. These behaviors allow us to split our set of eight models into two subsets of four models each, which we will designate subsets A and B. The subset A has a β(ω) signature that is more "Sun-like", whereas the subset B exhibits a β(ω) with characteristics somewhat different from the shape of a "sun-like" β(ω). The distinction is related to the intensity and location of ionization processes, which in turn are reflected in the oscillatory character of β(ω).
Stars on the main-sequence are known to follow two distinct rotational regimes (e.g., van Saders & Pinsonneault 2013) . These rotational regimes are mainly determined by the effectiveness with which stars can lose their angular momentum from birth. Cool stars with T eff < 6200 K rotate slowly, with rotation periods larger than 10 days. Because of their thick convective envelopes, they lose angular momentum due to the presence of magnetic winds in their atmospheres, quickly losing their initial rotational conditions. On the other hand, hot stars, with T eff > 6200 K, are rapid rotators. These stars are not efficient in the generation of magnetic winds because their convective envelopes are not thick enough. Hence, they do not lose significant amounts of angular momentum and remain rapidly rotating from birth. The sharp transition from slowly rotating Left: theoretical H-R diagram with luminosities plotted as a function of effective temperature. The squares represent the group A of models, the circles represent the B group, and the black marker stands for the Sun. Right: the phase α, obtained numerically from equation (9), as a function of the cyclic frequency ν (ν = ω/2π). (Kraft 1967) . Stellar rotation period and the stellar activity cycle are also related (e.g., Noyes et al. 1984b; Baliunas et al. 1996b; Pizzolato et al. 2003; Böhm-Vitense 2007; Wright et al. 2011) . The trend can be summed up in the formula P cyc ∝ P q rot with q = 1.25 ± 0.5 (Noyes et al. 1984b) . A follow-up analysis revealed two related branches activity-wise: fast rotators with short cycles and slow rotators with long cycles. Rotators with intermediate rates of rotation can display both kinds of magnetic behavior (Saar & Brandenburg 1999; Saar 2002) . Based on these results, Böhm-Vitense (2007) suggested that the two branches illustrate the action of two dynamos in different regions of a star. In our chosen sample of eight Kepler stars, the two groups of stars with distinct rotation periods can be related to different ionization signatures occurring in the stellar envelopes. The group of theoretical models that exhibits, in accordance with our diagnostic, a more intense pattern of ionization processes in the envelope, represents the group of stars that are known to have shorter rotation periods. Conversely, the group of theoretical models where the magnitude of ionization processes is diminished, represents the group of stars with larger rotation periods. Therefore, ionization can be a powerful instrument to extend our knowledge about the rotation of solar-type stars, and also to test evolutionary theories. The paper is organized as follows. In Section 2 we describe the method: the astroseismological diagnostic β(ω). Section 3 introduces the targets, describes the models, and probes the envelopes of the theoretical models. The theoretical seismic parameter β(ω) is compared with the observable β(ω). In section 4 we introduce two indexes that measure the magnitude of ionization processes in the envelope and relate them with the rotation period of the star. Finally, Section 5 refers to the conclusions.
PROPAGATION OF ACOUSTIC WAVES IN THE ATMOSPHERES OF STARS
Oscillation frequencies, as is well-known, carry information about the internal regions of the stars. This information can be extracted and separated into two parts by an appropriate handling of the experimental data. One part of the information is asymptotic in nature and reflects the structure of stellar interiors. The asymptotic theory of non-radial acoustic oscillations allows us to solve inverse problems such as the distribution of the sound speed, density, and Brunt-Väisälä frequency in the interior of stars. The second part of the information concerns the regions of the stars where the hypothesis of asymptotic analysis is no longer valid. Accordingly, this part of the information reflects the properties of the outer layers of stars. Indeed, in these layers the wavelength of acoustic waves is smaller or of the same order as the variation of the background state. These regions are responsible for partial wave reflection and hence for the establishment of a resonant cavity. The information carried by the trapped internal waves can be extracted from observational data and takes the form of a frequency dependence of the phase shift α, which results from reflection. The outermost layers of a star are also the layers where a breakdown of the adiabaticity occurs and where we have inhomogeneities associated with convection and magnetic fields.
The equations describing the non-radial adiabatic acoustic oscillations in the stellar surface (e.g. Unno et al. 1979; Deubner & Gough 1984; Aerts et al. 2010 ) are obtained within two main approximations. One is the Cowling approximation, which neglects the Eulerian perturbation to the gravitational potential. The second takes into account the fact that for low-degree modes, all the trajectories of the sound waves trapped in the stellar interior are almost vertical. The radial component of the wavevector near the surface is much greater than the horizontal one, and this makes the oscillations to depend on the frequency alone. Hence, the outer phase shift is a function of frequency α = α(ω). This phase shift is then determined by the structure of the more external stellar layers where the reflection of internal acoustic waves occurs.
The problem created by the fact that an asymptotic description is invalid in the upper layers of the stars can be eliminated by matching the asymptotic solutions in the stellar interior with the exact solution near the surface. This procedure leads to an equation for the eigenfrequencies that contain a frequency dependence on the phase shift. The dispersion relation of the stationary acoustic waves is given by
where w = ω/L with L = l + 1/2. Here, ω is the angular frequency and n and l are, respectively, the radial order and the degree of the mode. F (w) is determined by the radial distribution of the sound speed in the stellar interior, whereas α(ω) stands for the total phase shift of the reflected by the surface acoustic waves. This expression is known as the Duvall law (Duvall 1982) and provides a bridge between theory and observational data.
The Phase Shift from a Stellar Envelope

The Acoustic Potential
On the surface, and because the contribution of gravity can be neglected (the Cowling approximation), the complete fourth-order system of differential equations describing the linear adiabatic acoustic oscillations can be reduced to a Schrödinger-type equation with a suitable choice of variables (e.g., Unno et al. 1979; Vorontsov & Zharkov 1989; Lopes & Gough 2001) 
where τ represents the acoustic depth, defined as
and
with ξ being the displacement in the radial direction. U 2 is the reflecting acoustic acoustic potential of the star and is given by
and In the above expressions, g is the gravitational acceleration, c represents the adiabatic sound speed, and r is the stellar radius.
A polytropic model of a given index (n = 3) can be used as an approximation of the background of the solar and stellar envelopes. It revealed itself to be a suitable reference against which to compare a realistic theoretical model. In such a polytropic approximation the acoustic potential is inversely proportional to the square of the acoustic depth, U 2 ∝ 1/τ 2 , and this stratification was used by Lopes et al. (1997) to determine the contributions of the acoustic potential to the seismic parameter β(ω) in the Sun. However, deviations from a polytropic stratification induce deviations in the profile of the sound speed and this motivates the analysis of the scattering processes occurring in the external layers of the stars to infer their structure.
The solar acoustic potential has been computed and discussed many times in the past by several authors (Brodskii & Vorontsov 1987; Baturin & Mironova 1990; Lopes & Gough 2001) . The shape of the solar acoustic potential allows the identification of the superadiabatic region (τ ∼ 80 s), the zone of partial ionization of helium at τ ∼ 600 s, and the base of the convective zone at τ ∼ 2100 s (Brodskii & Vorontsov 1987; Lopes & Gough 2001 (Brodskii & Vorontsov 1987 Lopes & Turck-Chieze 1994; Lopes et al. 1997; Lopes & Gough 2001) . In this method the eigenfunction ψ takes the form
and for each value of the frequency ω, the dependence α(ω) is determined as an asymptotic solution of the Cauchy problem for the phase equation
with sufficiently large values of τ . The boundary condition is imposed at r = R and is taken to coincide with the location of the temperature minimum (Lopes et al. 1997; Lopes & Gough 2001) . Then, the phase α can be computed numerically from τ = 0 to a τ max , where the contribution of the variation of the background state becomes negligible. Usually, for the Sun and solar-type stars, τ max is taken near the base of the convective zone.
For a given stellar model β(ω) can be easily calculated from the corresponding acoustic potential. Indeed, following Brodskii & Vorontsov (1987) , the differentiation of equation 1 will yield
This function is sensitive to the outermost stellar layers. The contribution of the helium ionization zone, in the solar case, is known to produce a significant periodic component in β(ω) (Lopes & Turck-Chieze 1994; Lopes & Gough 2001; Roxburgh & Vorontsov 2001) . The simple procedure we just described to calculate the dependences α(ω) and β(ω) for a theoretical stellar model envelope offers an effective method for seismically probing the structure of the lower stellar atmospheres and the outer layers of the convection zone in solar-type stars. Table of Frequencies: The Seismic Observable β By fitting together the solutions obtained for the inner and outer regions of a star, we are establishing a relation between the phase shift frequency dependence and the structure of the outer reflecting layers. A dispersion relation like equation 1 gives the possibility of solving an inverse problem. From a table of frequencies (ω, n, ℓ) it is possible to determine the acoustic phase β(ω). The process of taking the partial derivatives of equation 1 with respect to n and ℓ yields not only equation 10 but also Figure 4 . Group A. Black solid line: seismic parameter β(ν) computed from the theoretical model envelope. Gray symbols: theoretical β(ν) computed from a table of frequencies for the degrees l = 0 (dark gray) and l = 1 (light gray). Green dashed lines: seismic observable β(ν) computed from an observational frequency table for modes with degree l = 0 (light green) and l = 1 (dark green). The vertical green dashed line indicates the approximate position of the observational frequency at maximum power νmax. The vertical black dashed line indicates the approximate position of the frequency at maximum power, νmax, obtained from the scaling relation in Kjeldsen & Bedding (1995) .
The Phase Shift from an Acoustic Oscillation
with L = ℓ+ 1 2 . This equation offers the possibility of recovering from a given table of frequencies (an eigenvalue matrix {ω ℓ,n }) the frequency dependence of the effective phase shift, which will carry valuable information on the physical structure of the stellar interiors.
A virtue of this approach, based on an analysis of the phase shift of the scattering of the acoustic waves in the external regions of stars, is that it offers direct contact with the physical processes occurring in these layers. This is done through the acoustic potential of the star. Changes in the acoustic potential are reflected and magnified in the phase shift and in its derivative. 
PROBING THE OUTER LAYERS OF KEPLER F-STARS
The Models
We selected a total of eight Kepler stars of spectral class F to conduct our theoretical analysis of the outer layers. We searched for stars with 10 or more frequencies per degree ℓ, since the seismic diagnostic β(ω) benefits from a high number of frequencies being used in its computation. Only modes that were correctly detected and fitted were used. We performed a modeling of the eight selected stars using the evolutionary code CESAM (Morel 1997) . This version of CESAM uses the solar mixture of Asplund et al. (2009 ), OPAL 2001 , as equation of state, and it uses the most recent OPAL opacities. The nuclear reaction rates were computed using the NACRE compilation (Angulo et al. 1999 Figure 6 . Theoretical seismic signature β(ω) computed from the envelopes of the selected stars. ∆β1 and ∆β2 are the heights of the relative maximums closer to the location of the theoretical value of the frequency of maximum power (from Kjeldsen & Bedding 1995) . The location of νmax is represented by a black vertical dashed line.
describe the atmosphere and convection was described by the mixing-length theory from Böhm-Vitense (1958) without overshoot. We also included the effects of diffusion according to the Burgers formalism (Burgers 1969) . For each star we compute a grid of models by varying the mixing-length parameter, the mass of the star, and the metallicity in ranges with physical meaning. For each set of parameters, an automatic search was performed to determine the age that simultaneously reproduces the values of the non-seismic constraints listed in table 1. The spectral type of each star was taken from the astronomical database SIMBAD (Wenger et al. 2000) whereas the the seismic and non-seismic constraints were taken from Bruntt et al. (2012) . The age reached also reproduces the value of the mean large frequency separation that is inferred from scaling relations. Finally, the age is fine-tuned through a minimization of a reduced χ 2 to reproduce the observations as closely as possible, a method identical to that used by Casanellas & Lopes (2013) . The theoretical mode frequencies were computed using the ADIPLS code (Christensen-Dalsgaard 2008). The properties obtained for the models of our sample of eight Kepler stars are listed in table 2. The models differ by mass, radius, luminosity, age, and chemical composition, highlighting all the variety of stellar structures that occur even when confined to one spectral class.
The left panel of figure 1 shows an H-R diagram of our models where the luminosity is plotted against the effective temperature. The right panel of figure 1 shows the variation with the cyclic frequency (ω = 2πν) of the outer phase shift α(ν) for these stellar envelopes. This dependency was obtained numerically from equation 9 for each of the stellar envelopes represented in table 2. Figure 1 exhibits in an unequivocal manner the relation between α(ν) and T eff . This is a natural relationship, since the phase shift is determined by the turning points of the acoustic waves and is hence linked with the stellar atmospheres where the effective temperature plays a significant role. Models in figure 1 also show a wellknown theoretical trend: stars with higher masses are more likely to have lower values of the phase shift values (White et al. 2011a) . The dependence between the phase α and the effective temperature was analyzed by White et al. (2011a White et al. ( ,b, 2012 .
The Diversity of Acoustic Cavities Reflecting the Multiplicity of Ionization Profiles
The acoustic potentials (equation 5) and the corresponding β(ν) signatures for all the eight envelopes of the theoretical models are shown in figure 2. The potentials have been drawn from r = R, the location of the temperature minimum, down to the region just before the base of the convective zone in each case. The main difference between the acoustic potentials relates to the partial ionization zones of chemical elements. One clearly notices the diversity associated with the region of the second ionization of helium. For the models of group B, the strong depression that characterizes the region of this ionization is much more pronounced than that in the group A models. Another dip that is possibly associated with the region of the first ionization of helium is clearly visible for the potentials of group B, but is virtually imperceptible for the potentials of group A. The characteristic sinusoidal behavior of β(ν) is related to the region of partial ionizations in the adiabatic convective zone. The effect of partial ionizations also leaves a characteristic signature in the first adiabatic exponent Γ 1 (e.g. Basu et al. 2004 ). This signature takes the form of a well-known distinct bump. We display the first adiabatic index for each stellar model in figure 3 . Figure  2 and figure 3 reflect the diversity associated with the partial ionization processes in the theoretical envelopes of the solar-type stars. This diversity relates to the locations of the ionization zones and also to the intensity of the ionizations themselves.
In figures 4 and 5 we present a comparison of the theoretical seismic parameter with the seismic observable β(ν). Both are plotted against cyclic frequency ν. The theoretical seismic parameter β(ν) was computed using two different approaches: (1) it was obtained from the structural parameters of the stellar model envelopes, and also, (2) it was calculated from a theoretical table of frequencies. In this last case, and to not overload the figures, we presented β(ν) only for the modes with degrees l = 0, 1. Superimposed with the theoretical signatures are the observational β(ν). The observational frequencies and the corresponding uncertainties were taken from Appourchaux et al. (2012) and we have considered, in the calculations, modes with degrees from 0 to 2. Computations were performed over a range of frequencies such that, for each star, only modes correctly detected and fitted as described in Appourchaux et al. (2012) are included. Also, we present the seismic observable β(ν) only for modes with degrees l = 0, 1.
Since the observational frequencies are only available for low-degree modes, they are influenced by the effect of the gravitational potential. On the other hand, the dependence of the phase shift on the frequencies when computed from the structural parameters of the theoretical model envelope is obtained in the Cowling approximation, which in turn neglects the perturbation of the gravitational potential. This is reflected in a well-known mismatch between β(ν) obtained from the acoustic potential and β(ν) obtained from a theoretical table of frequencies in the case of low-degree modes (Lopes et al. 1997 ). This mismatch is more clearly seen in certain models, suggesting that the gravitational potential does not influence the oscillation modes in a similar way for different stars.
Comparing the results for β(ν) that were obtained for the theoretical frequencies and for observational frequencies, it is possible to argue that the differences are not of a purely systematic character. This might indicate that the source of the discrepancy may be related to the internal distribution of the sound speed, thus indicating, it has a thermodynamic nature. The resulting quasi-periodic behavior of the influence of helium partial ionization in some seismic parameters has been discussed by many authors with different methods (e.g. Gough 1990; Castro & Vauclair 2006; Houdek & Gough 2007 Brito & Lopes 2014; Mazumdar et al. 2014; Verma et al. 2014) . In the particular case of the seismic parameter β(ν), the sinusoidal component is known to depend on the contribution of the partial ionization processes. From the comparison between theoretical and observational signatures (figures 4 and 5), we note that the amplitudes of the oscillatory components of β(ν) are, in all the cases studied, underestimated by the theoretical models. This underestimation is enhanced in the cases treated in group B.
For the Sun, the amplitudes of the quasi-periodic component can be related to the abundance of helium in the model (Vorontsov & Zharkov 1989; Vorontsov et al. 1991) . Therefore, the underestimation of the amplitudes by theoretical models may indicate that the helium contents in theoretical models are far from the real helium contents of the star. Another possibility is that in the real star this periodic component is increased by ionizations of other chemical elements (Brito & Lopes 2017) . With the purpose of characterizing the sinusoidal behavior of the seismic parameter β(ν), which we know to be a signature of the partial ionization processes taking place in the model envelopes of solar-type stars, we introduce two indexes. These indexes aim to quantify the amplitude of the periodic component in the seismic parameter β(ν). Therefore, the indexes will act as indicators of the magnitude of partial ionization processes in the outer layers of the model of the star. We define them according to the following procedure. First, we locate the relative minimum, and the two relative maximums, closer to the location of the frequency of the maximum power ν max . The value for ν max is obtained from the scaling relation proposed by Kjeldsen & Bedding (1995) . Then we measure the heights of these two relative maximums as illustrated in figure 6. These heights define the indexes
Here, β(ν min ) represents the value of the relative minimum located closer to ν max . β(ν max1 ) and β(ν max2 ) are the values of the two relative maximums closer to ν max . The indexes ∆β 1 and ∆β 2 are represented in figure 6 for all the signatures β(ν) that were computed from the theoretical model envelopes. In the same way it is possible to define these indexes also for the theoretical β(ν) computed from a table of frequencies. Moreover, these indexes can also be computed from the observable β(ν). In this case, they can be measured around the observational frequency of maximum power, as it is shown in figure 7 . The observational values of ∆β 1 and ∆β 2 can then be compared to the predictions of the theoretical values of ∆β 1 and ∆β 2 , revealing information about the microphysics of the outer layers of the star.
Magnetic Activity, Rotation and Ionization
The influence of magnetic activity on the properties of solar and stellar p-modes is well documented, e.g., García et al. (2010 ), Broomhall et al. (2011 ), and Chaplin (2014 . If magnetic fields can affect the frequencies of the p-modes, they probably can also affect the phase shift of the acoustic waves propagating in this region. Here, we use our results with the phase α(ν) and the diagnostic β(ν) to learn about a possible influence of magnetic activity on the phases α(ν) and β(ν). We use the length of the star's rotation period as an indicator of magnetic activity. It is known that rotation and magnetic activity appear to be related. This relation is not always straightforward, and it may even be quite complex and diverse. Fast rotators are generally more active, i.e., they display higher magnetic activity amplitudes than slow rotators. However, fast rotators are less likely to exhibit periodic magnetic behavior than slow rotators. (e.g. Noyes et al. 1984a,b; Baliunas et al. 1996a; Saar & Brandenburg 1999; Saar 2002; Pizzolato et al. 2003; Mathur et al. 2014; Brun et al. 2015; Chaplin & Basu 2015) . On the other hand, stellar rotation is a crucial property for understanding stellar structure and stellar evolution, since the rotation period of a star is known to be a solid function of the mass and age.
The two main rotational regimes of stars on the mainsequence were discovered long ago and they differ by the value of the effective temperature of the star (Kraft 1967) . Cool stars with T eff < 6200 K are usually slow rotators. They tend to have rotation periods larger than 10 days. These large rotation periods indicate that the star is loosing angular momentum after entering the main-sequence. The loss of angular momentum is thought to occur due to the action of magnetic winds in the thick convective envelopes of these stars (Irwin & Bouvier 2009 ). The concept of magnetic breaking is used in this context, since the star experiences a spin-down of magnetic origin. This loss of angular momentum is such that stars born with very different rotation periods, after some time in the main-sequence, will all be rotating with similar periods. More precisely, it is possible to say that stars in this regime, at an age of approximately 0.5 Gyr, rotate without the influence of their initial conditions (Pinsonneault et al. 1989) . It is this behavior of the angular momentum loss that makes gyrochronology possible. Gyrochronology relates the rotation period of a star to the age of the star (e.g. Skumanich 1972; Barnes 2007; Mamajek & Hillenbrand 2008; Meibom et al. 2011) . This relation is possible because, according to the description above, all stars of the same age (and mass) will rotate with the same pe- riod. The other rotational regime on the main-sequence is observed in stars with T eff > 6200 K. These are hot and rapid rotating stars with thin convective envelopes. The narrowness of the envelopes is thought to be related to the absence of magnetic breaking. This means that, for stars in this regime, the angular momentum loss is minimal and they remain rapidly rotating after entering the main-sequence. If they do not experience a strong spin-down, they are incompatible with gyrochronology (e.g. van Saders & Pinsonneault 2013; Epstein & Pinsonneault 2014 ).
As we just saw, the main aspects of the two rotational regimes in the main-sequence, are intimately connected with processes occurring in the convective envelopes of these stars. At the same time, the convective zones are also the stage for the partial ionizations of the chemical elements that compose the star. Therefore, it seems natural to look for a relation between the specific partial ionization signatures of each star and the rotational period of the star. Here, we propose to use the ionization indexes ∆β 1 and ∆β 2 to explore a possible connection between partial ionization processes occurring in the outer layers of solar-type stars and their rotation periods. To this end, we plotted the observational ∆β 1 and ∆β 2 , against the rotation period of the stars. The results are shown in figure 8 . The observational values of ∆β 1 and ∆β 2 in figure 8 were obtained for the modes with the degree l = 1. The use of l = 1 modes is due to the fact that they usually have smaller error bars, and at the same time they suffer less from boundary effects during the process of computing numerical derivatives from central differences. Nevertheless, the results still hold for l = 0 modes, or, even if we consider the mean value obtained for l = 0 and l = 1. Modes with degree l = 2 have usually large error bars, so we did not include them in our study. We found that there is a relation, in the form of a power-law, between the rotation period of a star and the ionization indexes ∆β i (i = 1, 2). Rotation periods were taken from Benomar et al. (2015) and Kiefer et al. (2017) .
The trend obtained with our sample of eight solar-type stars is compatible with the two rotational regimes described above, which are known to be abruptly separated by the Kraft break. This result suggests that partial ionization might be a key process for better understanding rotation in solar-type stars. Moreover, we also plotted the theoretical ionization indexes ∆β 1 and ∆β 2 against the age and the mass of our models (figure 9). The correlations obtained support the previous result since, as is well-known, the rotational period is a function of the mass and age of the star. We think that these ionization indexes may reveal themselves as important diagnostic tools that can improve our knowledge about the structure, and even dynamics, of solar-type stars.
CONCLUSIONS
We studied the outer layers of the theoretical models of eight Kepler F-stars. This was accomplished by using a seismic diagnostic based on the dependence of the surface phase shift of the frequencies, which arises from the reflection of the acoustic modes. Our results allowed us to split the models into two subgroups, A and B, according to the characteristics of the partial ionization zones of their chemical elements. The models of stars in group B show stronger ionization patterns when compared with the models of stars in group A.
From the point of view of the magnetic activity, Fstars are known to be very interesting, with many of them exhibiting magnetic cycles (e.g., Mathur et al. 2014) . Our results seem to be consistent with the paradigm that stars can be divided in two groups according to their level of magnetic activity. Stars represented by the models in the group B have shorter rotation periods, which is an evidence of shorter cycle periods, whereas stars represented by the group A have larger rotation periods and hence longer cycles. The distinction between the theoretical models of groups A and B, which is related to the characteristics of partial ionization processes, seems to suggest that the more ionized a star is, the higher its rotation period. This relation between ionization and rotation can be useful for further understanding the already established relation between rotation and magnetic activity. Indeed, in solar-type stars the magnetic activity is the result of a dynamo process, which in turn results from an interrelation between convection, rotation, and magnetic fields. Therefore, we would expect the presence of a stellar dynamo operating in the real Kepler stars used as targets of this study. The mechanisms of this dynamo should be similar to those in the Sun, with the magnetic field being generated in a thin layer (tachocline) located at the transition region near the base of the convective zone. As the luminosities of the stars increase, the base of the convective zone gets closer to the surface. For the models in group B, the base of the convective zone is located at a depth of 5-12% inside the star, whereas for the models in group A, its location is 15-27% of the radius. This means that, for stars similar to those represented by the group B, the magnetic field will be generated near the surface and very close to the ionization zones.
To help with the description of the partial ionization processes in the theoretical envelopes of these solar-type stars, we introduced two seismic ionization indexes, ∆β 1 and ∆β 2 . They measure the magnitudes of partial ionization processes in the outer layers of the stars. These indexes can be computed from the structural parameters of the theoretical model envelopes, from a theoretical table of frequencies, and also from the observational frequencies. By computing the observational values of ∆β 1 and ∆β 2 , for the sample of the chosen F-stars, we uncovered a relation, in the form of a power law, between these indexes and the rotation period of the star. Stellar rotation is complex since it connects with many unclear aspects of stellar astrophysics. Though, at the same time, it is also a powerful diagnostic tool, since observational data about rotation periods are becoming abundant and of higher quality (e.g., Nielsen et al. 2013; McQuillan et al. 2014) . The recent disagreement between asteroseismic data from Kepler and the gyrochronologic relations (Angus et al. 2015) , and the subsequent finding that the stars that are close to the age of the Sun (and older) are not experiencing the magnetic breaking as they should be, according to the period-age relationships expected by gyrochronology van Saders et al. 2016) , is an example of the complex background that connects rotation, magnetism, and the physics of the interiors of the stars. The results uncovered in this work relating the ionization processes with the rotation period of stars strongly suggest that ionization is an important underlying mechanism for better understanding the relations between microphysics and the physics of rotation and magnetism.
